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We describe a radical design for a bolometer system employing infrdRedimaging of a
segmented-matrix absorber in a cooled-pinhole camera geometry, which we will prototype and
demonstrate on the large helical deviteiD).! LHD will be operational in early 1998, with adr=2
superconducting winding, a major radius of 3.9 m, a minor radius of 0.5—0.65 m, and input powers
ranging from 3 MW (steady stateto 30 MW (pulsed. The bolometer design parameters are
determined by modeling the temperature of the foils making up the detection matrix using a
two-dimensional time-dependent solution of the heat conduction equation. This design will give a
steady-state bolometry capability, with modd60 Hz time resolution, while simultaneously
providing hundreds of channels of spatial information. No wiring harnesses will be required, as the
temperature-rise data is measured via a 122hit,025 °C resolution, 3—am band, 256& 256 pixel

IR camera. The spatial data will be used to tomographically invert the profile of the highly shaped
stellarator main plasma and divertor radiation, in conjunction with more conventional fanned arrays
of traditional bolometers.

I. INTRODUCTION have sufficient sensitivity to easily see this expected signal
(lj‘evel. At the same time, available port space on the vacuum

Bolometers are a standard magnetic fusion plasm | dictates dist d di : f tabl
diagnostic2® However, it is usually problematic to have a vesse: dictates “'S af.‘ces,, and dimensions of an acceptably
sized bolometer “canister” that will be mounted in-vacuum

sufficient number of channels and views to accurately recon- .
struct the plasma radiation proffiein addition, every dis- on a reentrant tube in order to approach the plasma as close

crete detector channel usually has 2—4 wire leads carrying> possible and thus maximize the incident radiation and
esulting signal levels.

low-level signals out through the vacuum interface, and thi he h f the desian lies i . h b
results in complicated wiring harnesses inside today’s large, The heart of the design lies in constructing a heat ab-

high-temperature, high nuclear-radiation environment de_sorber with fast time resolution, good sensitivity, long-term

vices, leading to high costs and complexity. It has been reg:ooling, and the ability to image a radiation source. We con-

cently proposed to build a rad-hard imaging bolometer, usingQ'ider a segmented matrix consisting of a thin metal foil sand-
a segmented-absorber matfixcombined with a pinhole- wiched between two metal blocks drilled with matching ar-

camera geometry and sensitive infrafé) camera, for the rays of holes e>_<posing portiorjs qf the foil to both sides. One
international thermonuclear experimental readtdER) or s!de(the front sidg of the matrix views the plasma through a

tokamak physics experimeiTPX). The concept would al- pinhole. The; ch_ange in temperature Qf the gxposed foils due
low several thousand channels of data, while at the samf@ the radlatlor_l |nC|_dent through f[he pinhole IS detected_ by an
time using no wiring or wiring feedthrus across the vacuumR camera which views the matrix from the side opposite the

interface. In this article we show refinements of this idea, aginnole (back side through an IR vacuum window. The foil
specifically implemented for the large helical devité¢iD)

is made as thin as possible with a material with low thermal
geometry, access constraints, and power levels. conductivity for high sensitivity. Thg maslf is made of a ma-
terial of high thermal conductivity which, when water
cooled, acts as a heat sink for the exposed foils. This pre-
vents lateral heat flow from spilling onto adjacent pixels,
We desire to build an imaging bolometer to provide ra-while also allowing for cooling to prevent melting during
dial and/or tangential views of the LHD plasma, which will long pulse operation. The pinhole shell will also be cooled to
operate with expected total plasma radiation levels froneliminate stray IR radiation from the housing.
1-30 MW, and over time scales from 10 s to almost steady-  As originally conceived,the segmented absorber matrix
state plasma durations. LHD will be capable of divertedwould have been viewed from its front surface, and cooled
plasma operation, and, due to the geometry of the closdrom the back surface, which would allow a simpler design,
fitting helical coils, the only possible views of the main with a more uniform cooling substrate. However, it was rec-
plasma always include sightlines through the “divertorognized that stray IR light from the inner wall of the hot
region.”® This is a serious limitation when inverting the armor in a plasma device would probably contaminate the
chordal information to obtain th@ssumeplower signal lev-  desired optical IR-band signal. Consequently, we develop a
els from the plasma core. The average plasma power densityjore complicated “back-viewed and side-cooled” geometry
assuming 100% radiation in the casea3 MW, 27 nf  matrix for LHD. We are willing to sacrifice some time reso-
volume plasma, is only 0.11 W/cirClearly, it is essential to  lution for superior spatial coverage in steady-state operation.

Il. GENERAL CONCEPT AND DESIGN CONSTRAINTS
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TABLE I. Material parameters at 20 °C. Temperature rigacooled, cooled, and rise time to 50% of final
valug for 1.5 mm diameter, 2sm-thick foil segment, assumgna 3 MW plasma radiation source, with a
9.9-mm-diam pinhole in a 55° FOV pinhole camera locate@ en distance from the plasma axis.

p k K Q- 8t/[Cp-p-V] AT final T

Foil density conductivity  diffussivity St=17 ms cooled rise time
material (gm/cn?)  (W/[cm °C)) (cm?s) (milli °C) (milli °C) (m9
Bismuth 9.78 0.079 0.065 275 306 15
SS 304 7.817 0.144 0.0387 92 195 20
Titanium 4.5 0.219 0.08 121 128 10
Nickel 8.91 0.909 0.229 84 31 3.5
Aluminum 2.7 2.37 0.975 138 12 0.8
Gold 19.3 3.16 1.27 134 9 0.55
Copper 8.9 3.99 1.166 98 7 0.6

We are restricted by the technology of today’s IR cameras téorm initial condition of T=0 °C for the foil, and then obtain

a temperature resolution of at besD.01 °C with a frame the thermal response as a function of tifrend radius from
rate of 1 kHz(*=0.025 °C and 60 Hz with our Amber Engi- the center of the foil segment, at the surface of the foil given
neering “Radiance-1" camejawith commercially available, by Eq. (1)
state-of-the-art 12-bit digital video systems. This particular "

camera has been tested in magnetic fields of 0.01-0.06 T 1. 4 _ 2 St Jo(BmXT)
(Alcator and DIII-D vertical fields, a few meters outside the ' b kXth #=1 | J1(BnXb)
toroidal field coil with no performance impairment. It op-
: : : 1—exfd — k(Bm)2Xt]
erates in the 3—fum infrared band. Expected foil tempera- m
. . . . 3 1 (1)
ture increases will be small, and the nominal operating tem- (Bm)

perature will be elevated slightly above room temperature. wherek is the thermal conductivity is the thermal diffu-
sivity, Sf is the incident power fluxW/cn?), and B,/’s are
gk&%%ﬁ_‘égg AND RESULTING DESIGN the m™" Jo B_ess_el function roots r_10rma_|ized Hy, arising_
from the cylindrical geometry. Using this model we adjust
The choice of foil material depends on the expected heathe foil radius,b, and the foil thickness, th, for various met-
load, the desired temperature rise, the foil's opacity to theals to arrive at an optimum set of design parameters. Using
expected radiation, and the required time response. To mod#iermal parameters of different metétharacterized by Ref.
the transient temperature rise time, a time-dependent solutialD), the rise time and temperature for various foils are given
to the heat conduction equatiéwithout radiation lossefor  in Table I. Materials with fast rise timegood heat transfer
the cylindrical geometry of the foil segment has been usedpropertie$ result in a small temperature increase, relative to
We assumegand confirm that the foil is sufficiently thin  the uncooled caséor one video field timest=17 mg. This
compared to its transverggadia) cooling dimensions, so has resulted in our selection of bismuth for the foil material
that we can neglect any time dependence of axial gradientdue to its low conductivity and heat capacity, resulting in
between the front and back surface. For this case, we can ubgher thermal sensitivity to the incident power. The result-
the model of an infinitely long rod, of radius which has a ing foil segment parameters habe=0.75 mm and th-2 um.
volumetric heat source turned on at timhe 0, while the For a bismuth foil this gives a temperature rise of 0.36 °C
boundary of the rod is held clamped at a fixed temperaturavith a rise time of 15 ms, matching the time resolution of the
T=0 °C. The incident power density is then assumed to béR camera and exceeding its temperature sensitivity by a
uniform throughout the foil. Additionally, we apply a uni- factor of ~15. The spatial resolution in the plasma is 13 cm,

TABLE Il. For given temperature rise time=15 m9, thickness(2 um), and material, the table shows the

necessary diameter of the edge-cooled foil. Materials with faster heat conductivity require a larger distance to
the “edge-cooled” boundary, to maintain the same temperature rise-time constraint. At the same time, larger
diameter foils can be matched to a larger diameter pinhole, which puts a higher power density on each foil

segment.
AT final Pinhole Foil
Foil cooled diameter diameter No. of
material (milli °C) (mm) (mm) macro pixels
Bi 306 9.9 15 1&16
SS 304 146 10.1 1.3 2616
Ti 184 9.6 1.8 1&16
Ni 124 8.5 3.0 1&16
Al 484 13.1 6.0 1x10
Au 494 12.2 7.0 1810
Cu 390 12.2 7.0 1810
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large temperature rise for a reasonably sized foil segment.

Titanium and Stainless 304 have similar sizes as the bismuth

case but about half the temperature rise. The nickel foil seg-

ment has a diameter about twice the case of bismuth with

about a third of the temperature rise, when the diameter is
CRYOSTAT chosen to force the same rise time. Gold, aluminum, and
copper have a slightly larger temperature rise to bismuth, but
at the expense of only 20 cm spatial resolution in the plasma,
due to room for fewer “foil segments.” The number of seg-
ments is constrained by the available transverse size for the
diagnostic, which is coupled to port and flange dimensions
or, ultimately, the number of resolution elements in the IR
gy camera.
IR CAMERA. In order to obtain a sufficiently wide field of vie@#OV)
of the plasma, and also to obtain a high power loading on the
foil (to be able to resolve th&T with the IR cameras pres-
ently availablg, we need to insert the pinhole camera head in
a reentrant configuration in the LHD vacuum vessel/dewar.
This is sketched using a partly tangential sight line, as pro-
jected in a side view, shown in Fig. 1. The side port is used
FIG. 1. Side view cross section of the LHD machine between port sectiondy the imaging bolometer, and we also show possible loca-
4 and 3, showing possible locations of standard bolometer afragsand  tions at the top of the machine for conventional bolometer
imagipg bolometer prototypéside). The §Iice is slightly tangential, hence arrays. The particular projection we have chogieam port
the triangular-shape plasma cross section. : .

section 4 towards port section 3 on LHRccounts for the

resulting mostly from the 1-cm-diam pinhole. The rise timetnangular—shaped plgsma cross section. A radial .V'eW wogld
is also dependent on the “distance” to the cooling block, andEncounter a more elliptical shape. We are constrained to view

so could be increased at the expense of larger foils, even fdp€ Pinhole camera backside of the foil through a 102-mm-
a “fast” material such as copper. diam infrared window(either sapphire or zinc selenide
Table Il shows the foil diameter necessary to achieve avhich will be mounted in a standard 152 mm Conflat
temperature rise time equal to the camera time resolution fofacuum flange with an intervening gate valve to be able to
a 2-um-thick foil of various materials, as well as the result- isolate or change out the window, without breaking vacuum.
ing maximum temperature. From this comparison we can A conceptual 3D view of the apparatus is shown in Fig.
also see that bismuth is the best candidate, in that it has 2 where the essential elements of the diagnostic are de-

B‘C}LOMETER EAD
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Plasma

Pinhole Camera

Front Mask

IR Ca.'ﬁﬂera

FIG. 2. Artist's view of the imaging bolometer prototype.
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picted. The pinhole-camera head is water cooled by watethe LHD stellarator. Because of recent advances in infrared
flow in the stainless steel hollow tubing support struts, whichimaging technology, it is now possible to use remote-sensing
also serve as mounting points for the pinhole camera assertechnigues to monitor small temperature rises in a segmented
bly. No in-vessel welds or breaks in the cooling line arefoil, and therefore actually build a simple, multichannel di-
required, as we intend to use an integral cooling loop, tagnostic to image the radiation emitted by complex geometry
reduce any possibility of a water leak. The front and backplasmas. In a situation with a severe neutron and gamma
foil masks will be oxygen-free high-conductivity copper environment, and difficult access for conventional wiring
(OFHC) sheetd~2 mm thick, with an appropriat¢16x16, harnesses(i.e., ITER), it is straightforward to envision a
for example¢ number of holes to form the segmented matrix. metal mirror transport relay to bring the IR image out to a
The relatively thick copper provides the thermal isolationprotected position where the sensitiiad expensivesolid-
between the adjacent “macropixels” or foil segments. Tostate IR camera could be located. A low-cost, simpler, mul-
simplify construction, the sensor material will be one con-tichannel bolometer is the chief benefit to this approach,
tinuous sheet, with thickness chosen between 1 apgn5 compared to conventional methods. We intend to build and
The IR camerda 256x256 element InAs arrgyhas a FOV  demonstrate this prototype first on the LHD stellarator, as a
of 2.23° when used in conjunction with a commercially collaborative U.S./Japan effort.
available 250 mm lens, which gives a 10-cm-wide view of
the back copper .mask from a foc;al distance of 2.6 m. Th.‘?kCKNOWLEDGMENTS
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